Both the qualitative and quantitative nature of the beneath 2.5 cm of soil in enclosed 40-mL amber vials chemical signature above buried TNT is strongly a and the accumulation of signature vapors in the headfunction of temperature. At 23 and 4 0 C, 2,4-DNT was space above the soil was determined as a function of present at the highest concentration in the headspace time. Three different soils-sand, silt, and clay-were vapor, 2,4,6-TNT being only a minor component. At investigated at three different moisture contents: air -12 0 C, the more volatile 1,3-DNB predominated. dry, low moisture, and high moisture. Two replicates of Vapors penetrate the soils in the order sand > silt > each combination of soil type and soil moisture were clay, with vapor concentrations in the same order. Dry equilibrated at three temperatures (23, 4 and -1 2 0 C) soils are very retentive of TNT vapors, while soil moisover periods ranging from 63 to 173 days.
Abstract: Crystals of military-grade TNT were placed
Both the qualitative and quantitative nature of the beneath 2.5 cm of soil in enclosed 40-mL amber vials chemical signature above buried TNT is strongly a and the accumulation of signature vapors in the headfunction of temperature. At 23 and 4 0 C, 2,4-DNT was space above the soil was determined as a function of present at the highest concentration in the headspace time. Three different soils-sand, silt, and clay-were vapor, 2,4,6-TNT being only a minor component. At investigated at three different moisture contents: air -12 0 C, the more volatile 1,3-DNB predominated. dry, low moisture, and high moisture. Two replicates of
Vapors penetrate the soils in the order sand > silt > each combination of soil type and soil moisture were clay, with vapor concentrations in the same order. Dry equilibrated at three temperatures (23, 4 and -1 2 0 C) soils are very retentive of TNT vapors, while soil moisover periods ranging from 63 to 173 days.
ture facilitates movement of vapors to the headspace. The headspace was sampled by a polyacrylate Soil-air partition coefficients, computed for these solid phase microextraction (SPME) fiber for periods three soils at 23 and 4 0 C for 2,4,6-TNT, ranged from ranging from 5 to 20 minutes, and analytes were 1.6 x 104 mL-air/g-soil for moist sand at 23 0 C to 3.0 desorbed in the injection port of a gas chromatograph x 107 for moist clay at 4 0 C. Partition coefficients for equipped with an electron capture detector, Mass 2,4-DNT were about an order of magnitude lower. detection limits using this method were below 1 pg (1 x
Vapor concentrations for several of the air-dried soils 10-12 g) for the major signature chemicals-2,4-diniwere too low to measure and hence the partition coeftrotoluene (2,4-DNT), 1,3-dinitrobenzene (1,3-DNB), ficients for dry soils could not be estimated, but were and 2,4,6-trinitrotoluene (2,4,6-TNT). At the end of the much higher than for the same soil with higher moisexperiment, the top 5 mm of soil was carefully ture. These results indicate that for detection of buried removed, extracted with acetonitrile, and the extracts mines, the largest mass of signature chemicals will be were analyzed using RP-HPLC-UV according to present in the surface soil rather than the overlying air. SW846 Method 8330. In a more detailed study, Leggett et al. (1977) In the early 1970s, CRREL personnel conducted reported results for 8 domestic and 14 foreign a series of experiments for which the ultimate military-grade TNT samples. Except for two goal was to define the vapor signatures of buried unknown compounds that responded on the GClandmines. The strategy employed was to initially ECD, the results confirmed that the major portion define the signature of military-grade explosives of the vapor composition was ascribable to the and then try to understand the attenuation and various isomers of DNT and TNT. The largest modification of these signatures attributable to component of the vapor was 2,4-DNT for all eight the mine casings and soil barriers. The intent was domestic TNTs, and all but four of the foreign to provide this information to those groups that TNTs. In most cases, the concentration of 2,4-were developing chemical sensors to detect the DNT in the vapor exceeded that for 2,4,6-TNT by presence of landmines by sensing their associated an order of magnitude or more. vapor signature in near-real time.
A preliminary study was also conducted to Initially, the vapor signature of military-grade assess how quickly vapors of military-grade TNT TNT was investigated. Using gas chromatogracould penetrate soil barriers (Jenkins et al. 1974) . phy with an electron capture detector (GC-ECD),
In this study, 1 g of military-grade TNT was Murrmann et al. (1971) found that while 2,4,6-placed on top of portions of two moist test soils (a trinitrotoluene accounted for 99.8% of the solid sand and a clay) and was then covered with 2.5 military-grade TNT sample they studied, it procm of the appropriate soil in enclosed septum vided only 58% of the equilibrium vapor in the vials. The vials were stored at room temperature headspace above the solid TNT. The manufacturfor 25 days and the headspace above the soil was ing impurity, 2,4-dinitrotoluene (2,4-DNT), while sampled periodically. The results indicated that accounting for only 0.08% of the solid explosive, 2,4-DNT had penetrated through the soil to the accounted for 35% of the vapor composition headspace within 4 days, while vapors of 2,4,6-owing to its much higher vapor pressure. The TNT were not detectable in the headspace until remainder of the vapor composition was other day 12 (Table 1) . From these results, the authors isomers of DNT and TNT. The authors concluded concluded that DNT and TNT vapors can diffuse that 2,4-DNT could be as important as 2,4,6-TNT through soil barriers in a relatively short period, for purposes of land mine detection. Despite a and during the diffusion process, vapors are special effort to detect vapor components other largely retained within the soil barrier (Table 2) . than isomers of TNT and DNT using GC-ECD Therefore, the surface soil directly above a buried and GC-flame ionization detection (GC-FID), no mine should have considerably larger amounts of other vapor components were identified.
DNT and TNT than the headspace above.
To Contents no organic carbon content. This material was t Trace.
used as received. The second soil selected was * No data.
Hitchcock silt loam, which is a native soil at our location, and represents a medium-textured soil. tion for these soils is presented in Table 3 .
2,6-DNT 6.2 X 10-6
The three soils were each studied at three dif-2,4-DNT 1.4 x 10-4 ferent moisture levels: air dry, low moisture, and 2,4,6-TNT 9.3 x 10-5 high moisture (Table 3) . To moisten the soils, a layer of each was spread out in a large aluminum pan and wetted with well water (from a deep resObjective idential water well in Hartland, Vermont) using a Our major objective was to conduct a more hand pump sprayer. The pan was shaken to mix detailed experiment to investigate the qualitative the soil and more water was added. This proceand quantitative effects of soil barriers at various dure was continued until the approximate temperatures on the vapor signature from buried desired moisture level was obtained. This process military-grade TNT.
was duplicated with a new soil sample and an The overall strategy for this study was to set up additional amount of water was added to raise small-scale experiments where we buried a small the soil to a higher moisture level. The final moisquantity of military-grade TNT beneath soil in an ture content of the soils was determined by enclosed container and to analyze the headspace weighing two subsamples of each moist soil, vapor periodically to determine the rate of breakallowing them to air dry, then weighing again, through of the various explosives-related vapors, and obtaining the moisture by difference. Design of experiment the vial opening and was secured in place using a Replicates of each air-dried soil and each of the plastic screw cap (Fig. 1) . Two replicates for each two higher moisture level soils were placed in 40-combination of soil type and moisture level (18 mL, 27-x 95-mm amber vials (six replicates of vials) were stored at room temperature (23°C), at each) to a depth of 2.5 cm. We used 40-mL (43 mL 4°C, or at -12'C. All vials were wrapped with a total capacity) amber vials (Krackler Scientific) sheet of aluminum foil to eliminate photocatawith open-top screw caps, septa removed, lyzed reactions. Headspace samples were collected throughout the study. The vials were rinsed with using solid phase microextraction (SPME) fibers acetone and oven dried at 105'C for several hours at a number of time intervals from 11 to 173 days prior to being used. We compacted the soil in as described below. After 63 days, we opened each vial by dropping it several times onto a padsome replicates following headspace sampling, ded counter from a height of 5 cm. Previously and sampled and analyzed the surface soil for ground and weighed (110-mg) portions of mihiexplosives-related compounds as described tary-grade TNT from Picatinny Arsenal were below. Other replicates were treated in an identiplaced on top of the soil using a long-stemmed cal manner at periods up to 173 days. polyethylene funnel. The TNT was spread into a disk shape approximately 13 mm in diameter and Soil sample collection, solvent extraction, 1 mm deep, centered in the vial. Care was taken and analysis using RP-HPLC to be sure no TNT touched the vial walls. An
After conducting the 63-day vapor analysis, we additional 2.5 cm of soil was then carefully placed decided to begin sampling the top 5 mm of soil in in the vial, covering the TNT, and the soil was one of the replicate vials (A) of the samples stored compacted as previously described. Bulk densiat room temperature (23°C). We did a similar ties of the soils were determined by weighing two sampling on the 4VC samples after 67 days and on representative vials of each soil, at each moisture the -12'C samples after 69 days. Soils were samlevel ( Table 4 . Additional confirmation tra Physics SP100 variable-wavelength UV-detecof analyte identities was obtained by analyzing tor set at 254 nm, and a Hewlett Packard 3396 several of the 63-day replicate A sample extracts series II digital integrator. Separations were on a 25-cm x 4.6-mm (5-jLm) LC-18 (Supelco) colobtained on a 15-x 0.39-cm, 4-jtm film, LC-8 column eluted with 50:50 methanol/water at 1.5 umn (Waters Nova-Pak) maintained at 28TC and mL/min. eluted with 15/85 (V/V) isopropanol/water at a flow rate of 1.4-mL/min. The detector response
Vapor sampling using SPME and was obtained from the digital integrator operatvapor analysis using GC-pECD ing in the peak height mode. For both RP-HPLC The headspace vapor was sampled by solid analysis and gas chromatography with a microphase microextraction (SPME) using an 85jtm electron capture detector (GC-jtECD), standard film coating of polyacrylate on a fused silica fiber analytical reference materials (SARMs) were (Supelco) (Fig. 2) . We conditioned the fiber before used in making the standard solutions in HPLC use following the manufacturer's recommendagrade acetonitrile (Sigma-Aldrich 13.38 * The capillary column was a DB-1, 6 m x 0.53 mm i.d., 1.5 tim. Operating parameters were: initial column temperature of 100'C (hold 2 min), ramp to 200'C at 10°C/min, then 20°C/min to 250'C and hold for 5 min. The injection port and detector temperatures were 250'C and 300'C, respectively The carrier gas was hydrogen with a constant flow rate of 12 mL/min. Analyte identities were confirmed by analyzing a number of SPME samples on an RTX-200 capillary column, 6 m x 0.53 mm i.d. using hydrogen carrier at 10 mL/min. event, the fiber was thermally desorbed in the Analyte identities were confirmed by analyzinjection port of the gas chromatograph (250'C) ing a number of SPME samples on an RTX-200 to assure that it was clean. To sample the headcapillary column, 6 m x 0.53 mm i.d.; the carrier space, the aluminum foil was punctured by the gas was hydrogen at 10 mL/min (Table 5) . It needle housing of the fiber and the fiber was should be noted that whenever SPME fibers conextended into the headspace for a sorption period taining TNT were desorbed into the hydrogen of 20 minutes. The opening in the screw cap was carrier gas and separated on either the DB-1 or just the size of the outer diameter of the SPME the RTX-200 columns, we observed peaks ascribholder and helped hold the assembly during able to 2ADNT and 4ADNT (2-amino-4,6-dinitrosampling. Later in the study, this sampling time toluene and 4-amino-2,6-dinitrotoluene). Subsewas reduced because the concentration of some quent research revealed that these transformation analytes in the headspace increased to the point products of TNT were being produced by reducwhere the amount collected over the 20-minute tion of TNT by the hydrogen carrier, presumably sampling'period maximized the detector signal.
because of catalysis on the hot metal protective After the sampling was complete, the fiber was needle of the SPME device. These amino reducwithdrawn into its protective needle and the tion products were eliminated when the carrier needle was removed from the vial. The outside of gas was changed to helium. the needle was wiped with a tissue wetted with acetonitrile to eliminate any vapors sorbed to the RESULTS AND DISCUSSION metal and inserted into the injection port of the gas chromatograph. The GC-system consisted of Qualitative nature of headspace signatures an HP 6890 gas chromatograph equipped with a
The signature chemicals observed in the headmicro-electron capture detector (gECD). The capspace samples above military-grade TNT were: illary column was a DB-1, 6 m x 0.53 mm i.d., 1.5 1,2-and 1,3-dinitrobenzene (DNB), 1,3,5-trinigim. Operating parameters were: initial column trobenzene (TNB), the various isomers of dinitrotemperature of 100'C (hold 2 minutes), ramp to toluene (DNT), and 2,3,6-and 2,4,6-trinitrotolu-200°C at 10°C/min, then 20°C/min to 250'C and ene (TNT). 2ADNT and 4ADNT were also hold for 5 minutes. The injection port and detecobserved, but, as mentioned above, we subsetor temperatures were 250 and 300'C, respectively. quently determined that these two compounds The carrier gas was hydrogen with a constant were being formed by reduction of 2,4,6-TNT in flow rate of 12 mL/min. Retention times for the the presence of the hydrogen carrier gas in the target analytes are presented in Table 5 .
injector of the gas chromatograph (GC). We did helium was substituted for hydrogen as the carrier gas, the two peaks corresponding to these compounds disappeared. For samples where 2ADNT and 4ADNT were measured, the concen-0 150,000 tration values were stoichiometrically converted to, and added to, the TNT concentration. The qualitative nature of the vapor signature in Time (mi) the headspace above the buried TNT is modified Figure 4 . Vapor signature above low-moisture sand substantially from the equilibrium vapor above held at 4°C for 35 days. TNT. Figure 4 presents the GC-ýLECD chromatogram for the SPME fiber (polyacrylate) sample of is the reduction in the peaks corresponding to 2,4,6-the headspace vapor above TNT that was buried TNT and 2,3,6-TNT above the buried TNT, relative in Ottawa sand for 35 days at 4'C. The most obvito the peak for 2,4-DNT and those corresponding to ous difference between the vapor collected over the the isomers of DNB. The differences in absolute buried TNT and that from equilibrium TNT vapor responses in Figures 1 ronmental conditions present in the soil, namely soil temperature, soil type, and soil moisture con-
Calibration of SPME fibers for quantification .0
of analytes in headspace samples S 80SPME
fibers were used in this study because of z their ability to provide an enormous preconcen-0) . Time (min) Figure 6 . Mass of TNT vapor collected on polyacrylate SPME fiber at different temperatures.
10-12 g of TNT, it would require air sample volIn an early experiment, we examined the relaumes of 10 mL or so to deliver a detectable mass of tionship between mass of TNT collected and the TNT to the GC if the vapor concentration was [10] [11] [12] [13] length of time the fiber was exposed to the equilibg/mL; direct injection of that volume of air conrium vapor above military-grade TNT. This was taining semi-volatile organics with very low vapor done by placing 28 mg of U.S. military-grade TNT pressures is difficult to achieve without losses, in a 40-mL amber vial and allowing it to equiliThe major difficulty with the use of the SPME brate for 3 days at room temperature. A polyacryfibers for this application is the difficulty of prolate SPME fiber (85 ýtm) was inserted into the vial viding quantitative calibration. Instrument and was exposed to the vapor for periods ranging responses for explosives vapors obtained by from 5 to 30 minutes. This was done at all three SPME can easily be calibrated with respect to temperatures used in the soil study: 23, 4, and mass. Using liquid standards to obtain response -12'C. A plot of the mass of TNT collected as a factors, we can convert to mass of TNT a peak function of exposure time for each temperature is height (or peak area) for TNT in the GC-g•ECD shown in Figure 6 . The results indicate that the chromatogram from a sample preconcentrated on mass of TNT collected is linearly related to expoa SPME fiber. However, to convert this mass to a sure time through 30 minutes for all three tempervapor concentration in the headspace, the volume atures. In this experiment, there was a 20-minute sampled by the fiber needs to be known.
recovery period between exposure periods, and in Previous approaches to calibration for SPME order for linearity to be maintained over the entire assume that equilibrium is reached between the experiment, this recovery period must have been fiber and the vapor (Zhang and Pawliszyn 1993, adequate to reestablish equilibrium between the Martos and Pawliszyn 1998). Experiments at San-TNT in the vapor and the solid. dia National Laboratory* and here at CRREL indiBecause the mass of TNT collected by the fiber is cate that equilibrium for TNT is not reached even linearly related to exposure time, the TNT in the when the headspace is exposed to the fiber for sevvapor cannot be depleted substantially in the vaeral days. One exception is the dimethysiloxane por during sampling. To directly assess the rate at SPME fiber with only a 7-gm coating. In that case, which TNT in the vapor could be depleted using equilibrium appears to be reached more quickly the SPME fibers, the following experiment was (order of minutes to hours), but little preconcen-
conducted. An 80-mg portion of U.S. militarytration is achieved. This has been verified at both grade TNT was placed in a 40-mL amber vial and CRREL and Sandia.
the headspace was allowed to equilibrate for 7 days at 23°C. The headspace in the vial was then * Personal communication with William Chambers, Sandia National sampled using polyacrylate SPME fibers continu- Laboratory, 1998. ously for 200 minutes in 20-minute increments.
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To Contents Two fibers were used, so that while one fiber was The rate of surface sorption of TNT on the fiber sampling the headspace in the vial, the other was (kj) and the rate of desorption back to the vapor being desorbed and the sample analyzed by GC-(k-,) is probably fast compared with the rate of itECD.
diffusion of TNT from the surface of the fiber into The results for TNT are shown in Figure 7 .
the bulk phase (% 2 ), since vapor diffusion is many While there was a slight difference in the mass of orders of magnitude greater than diffusion in a TNT sorbed by one of the fibers compared to the condensed phase. In the case where TNT in the other, the general trend was a decreasing recovvapor is being replaced by sublimation from the ery with exposure time. In this experiment, there crystal, the following equation is relevant. was no recovery time between sampling periods to allow reestablishment of equilibrium, and the k3 TNT in the vapor was being sorbed by the fiber TNT (crystal) -TNT (vapor) faster than it could be replaced from the solid k, TNT source. The rate of depletion was slow, how-,-TNT (fiber surface) ever. For example, using the slope obtained from k-1 the best fit of the data to a linear depletion model, k2 the mass of TNT sorbed in the first 20-minute TNT (fiber bulk). exposure period was about 3.77 ng, while that sorbed in the second period was 3.54 ng. This was Since the mass of TNT collected in subsequent only a 6% reduction, even without a recovery exposure periods declines slowly (Fig. 7) , the rate period between exposure periods. Thus, when of k 3 must be slightly slower than the rate of diffuonly a single 20-minute exposure period is used, sion of TNT from the fiber surface into the bulk of the depletion of the TNT in the vapor is insignifithe fiber (k 2 ). For our soil experiment, though, we cant over the exposure period, and for practical do not envision that TNT that has migrated from purposes, the vapor concentration can be considthe buried crystals to the surface is present as ered to be constant during sample collection.
crystalline TNT, but rather as TNT sorbed to soil Sorption of TNT by the polyacrylate SPME particles. The rate of replacement in the vapor by fiber can be thought of as follows:
desorption from the soil particles is likely to be k, different from the rate of sublimation from crys-TNT (vapor) -TNT (fiber surface) talline TNT.
k-I
To evaluate the effect of this on the use of the k2 SPME fibers to sample the headspace above soil Ž-TNT (fiber bulk).
with sorbed TNT, an experiment was conducted 9 To Contents with a soil from Raritan Arsenal that was field volume sampled (mL) = mass collected (g) contaminated with a low concentration of TNT (about 1.4 mg/kg). A 3.0 2 -g portion of the soil i g vapor concentration (g/mL).
(1) was moistened with water (5% water, on a dry weight basis) and allowed to equilibrate for 3
Because the vapor pressure of TNT is low and days in a 40-mL amber vial. The headspace in the TNT is known to be very sorptive to surfaces, tryvial was then sampled continuously for 200 mming to establish a known vapor concentration by utes using two polyacrylate fibers as described injection of a given mass of TNT into a known above. The results are shown in Figure 8 . Using volume of air is impractical. On the other hand, the best fit linear equation, we find that the mass the vapor pressure of TNT as a function of temcollected in the first 20 minutes was 20.4 pg, while perature has been measured by a number of the mass recovered in the second 20-minute saminvestigators (Pella 1977, Leggett et al. 1977, etc.) . pling period was 19.8 pg. The reduction from the Results from the various investigators vary somefirst to the second sampling periods amounts to what, but we believe the values published by Pella only about 3% and, hence, the assumption that (1977) are the most reliable. Pella used a liquid the vapor concentration is constant over the samsolvent to trap the equilibrium vapor from a pling period when the TNT is sorbed on soil parknown volume of gas, minimizing sorption tides is valid.
effects, and reducing the problem to a chromatoThese results demonstrate that the approach of graphic analysis against standard solutions in the sampling the headspace using SPME fibers does same matrix. This type of experiment should be not substantially reduce the vapor concentration accurate and precise to a few percent. of TNT during a 20-minute exposure period.
The vapor pressure of TNT (p) at 23'C accordSince the mass of TNT collected with time is lining to Pella is 6.71 x 10a torr ([10gb (p in torr) = ear, probably controlled by the diffusion rate of (12.31 ± 0.34) -(5175 ± 105) T, where T is the abso-TNT away from the surface of the fiber, it may be lute temperature in kelvins]). This converts to a possible to calibrate the volume of vapor sampled vapor concentration of 8.25 x 10-8 gIL. When we as a function of exposure time for a given chemidexposed a polyacrylate SPME fiber to the equilibcal. One way this could be done is to sample a rium vapor above military-grade TNT (Picatinny headspace volume where the concentration of Arsenal, 1966 vintage) and determined the mass TNT in the vapor was known, and from mass calof TNT sorbed by the fiber using GC-ýLECD in a ibration of the TNT collected, the volume sam-20-minute exposure period, we collected 3.8 x 10-9 pled as a function of time can be calculated from g of TNT. Computing the volume sampled from 10 To Contents eq 1, we obtained a sampling volume of 46 mL for a GC-NPD (SRI Instruments Model 8610). a 20-minute exposure period. Since the amount
The mass of each compound was determined sampled is linearly related to exposure period, the against SARM-based standards prepared in aceeffective sampling rate for TNT with the polytone. acrylate fiber is about 2.3 mL/minute at 23°C.
A plot of the mass of 2,4-DNT recovered from Since the three major vapor signature chemicals the fiber as a function of sorption time is presented from military-grade TNT are 2,4-DNT and 2,6-in Figure 9 . Inspection of the data indicates that a DNT (Murrmann et al. 1971 , Leggett et al. 1977 , linear model with zero intercept adequately and 1,3-DNB (discussed above), it is also impordescribes them over the entire sorption period tant to be able to calculate the vapor concentratested. The slope of the linear model between tions for these substances. In order to do so, we mass sorbed (ng) and sorption time is 6.30, with a need to know the effective sampling rate for these correlation coefficient of 0.989. When we solved compounds using the polyacrylate fiber. The this equation for the mass sorbed at 20 minutes, vapor pressures of 2,4-DNT, 2,6-DNT, and 1,3-we obtained 126 ng. Using this value in eq 1, along DNB are 1.44 x 10-4, 3.71 x 10-4 (Pella 1977), and with the equilibrium vapor concentration calcu-6.22 x 10-4 torr (Howard and Maylan 1997, exlated from the vapor pressure (1.424 x 10-9 g/mL), trapolated) at 22°C, respectively, and the resulting we calculated a sampling volume of about 88.5 vapor concentrations are 1.42 x 10-9, 3.67 x 10-9, and mL for a 20-minute sampling time, or an effective 5.68 x 10-9 g/mL, respectively. These concentrasampling rate of 4.45 mL/min at 23°C. This samtions result in masses collected on the fiber that pling volume is about double that obtained for are above the linear range of the ýtECD when 2,4,6-TNT at 23°C. SPME exposure periods are more than a few minSimilarly, plots of the masses of 2,6-DNT and utes. The nitrogen-phosphorus detector (NPD) is 1,3-DNB recovered as a function of sorption time selective for nitrogen-containing compounds, but are presented in Figures 10 and 11 . In both cases, is not nearly as sensitive as the pECD. Thus, to the mass recovered as a function of sampling time calibrate the effective sampling rates for 2,4-DNT, was adequately described by linear models with 2,6-DNT, and 1,3-DNB, 50-mg portions of SARMcorrelation coefficients of 0.992. When an effective grade material for each compound were placed in sampling volume for 2,6-DNT was computed, as individual 40-mL amber vials and the headspace described for 2,4-DNT, a sampling volume of 81.1 equilibrated for 7 days. The headspace above each mL was obtained for a 20-minute sorption period, compound was sampled by exposing polyacrywhich is 4.05 mL/min at 23°C. This value comlate SPME fibers to the respective headspace in pares favorably with 4.45 mL/min for 2,4-DNT at the vial for periods ranging between 1 and 30 the same temperature. Since these two species are minutes and desorbing the fibers in the injector of geometric isomers of one another, with the two nitro groups oriented meta to each other, it is not 2.3-mL/min sampling volume we obtained for unexpected that sampling volumes, probably con-2,4,6-TNT, but is only about one-half of that trolled by the rate of diffusion in the polyacrylate obtained for the two isomers of DNT. The estimate fiber, would be quite similar. In addition, the of vapor pressure for this compound was vapor pressure estimates used to estimate these volobtained by extrapolation of data at higher temumes were obtained from the same source (Pella peratures and we do not feel that this value is as 1977).
reliable as the vapor pressure data for 2,4-and 2,6-When we obtained an estimate of the effective DNT. sampling volume for 1,3-DNB from the data Effective sampling rates were obtained for 2,4,6-shown in Figure 11 , however, we estimated a sam-TNT, 2,4-DNT, and 2,6-DNT in a similar manner at 4 pling volume of 43.1 mL for the 20-minute sorpand -12'C, using SARM-grade material. Effective tion period, or an effective sampling volume of sampling rates for these compounds as a function 2.16 mL/min at 23°C. This volume is similar to the of temperature are presented in Table 7 .
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To Contents Table 7 . Effective sampling rates cates for each of the three moisture conditions for (mL/min) for 2,4,6-TNT, 2,4-DNT, Ottawa sand at 23, 4, and -12'C are presented in 2,6-DNT, and 1,3-DNB as a func- penetrate the soil barrier and be detectable in the headspace. Nevertheless, we did detect the presVapor concentrations of signature chemicals ence of 2,4-DNT and 2,4,6-TNT in the headspace in soil headspace samples above the sand and silt soils maintained at 23°C Peak heights for the target analytes detected in at day 6 for all three moisture levels, and at day 15 the soil headspace SPME samples were converted above the clay for the two higher moisture levels. to mass (ng) using SARM-based standards preAt 4°C, 2,4-DNT and 2,4,6-TNT were detected in pared in acetonitrile. Peak heights for 2,5-DNT the vapor above the sand and silt for all three and 3-5-DNT were converted to mass of analyte moisture levels at 12 days. For the clay, 2,4-DNT recovered using the response factors for 2,4-DNT.
was detected at 19 days above the 4°C samples, After locating a source for these analytes, we but 2,4,6-TNT was not detected until day 67, and made the standards and compared the detector then only at the two higher moisture levels. For response to the response for the 2,4-DNT stanthe -12'C samples, 2,4-DNT was detectable in the dard. A response conversion factor was applied headspace at day 13 above the sand and silt soils, to 2,5-DNT and 3,5-DNT so that these analytes but 2,4,6-TNT was not detected until day 173. For could be expressed as their own concentrations.
the clay at -12'C, only at day 173 was either 2,4-Individual values for the vapor concentration of DNT or 2,4,6-TNT detectable. each target analyte in the two replicates for each Figure 12 is a plot of the vapor concentrations combination of soil type, moisture level, and temof 2,4-DNT, 1,3-DNB, and 2,4,6-TNT in the headperature for each day when samples were collectspace above the silty soil at 23°C (low moisture ed are presented in Appendix A, Tables A1-A9. added), as a function of time after the start of the The mass of each target analyte detected in experiment (4-112 days); 2,4-DNT and 1,3-DNB each headspace sample was converted to vapor have the highest concentration of the target anaconcentration (pg/mL) using the effective samlytes throughout the study. For example, at 112 pling rates (mL/min), which were obtained as days, 2,4-DNT was present in the headspace at described in the Calibration of SPME section, and 28.9 ng/L, and 1,3-DNB was present at 15.5 ng/L. the sampling times (minutes) for each temperaIn comparison, the vapor concentration of 2,4,6-ture. The effective sampling rate for 2,4,6-TNT TNT was only 2.65 ng/L after 112 days (Table 9 ). (2.3 mL/min) was used to compute vapor conIn the headspace above the Ottawa sand held at centrations for 2,4,6-TNT and other compounds 23°C, vapor concentrations of the target analytes containing three nitro functions. The effective exceeded those found above the silty soil by sampling rate obtained for 2,4-DNT (4.5 mL/ about an order of magnitude (Table 8 ). For exammin) was used to estimate vapor concentrations ple, the concentrations of 2,4-DNT, 1,3-DNB, and of 2,4-DNT. Vapor concentrations for the other 2,4,6-TNT at 112 days in the low-moisture case dinitro-containing compounds (DNTs and DNBs) were 604, 401, and 135 ng/L, respectively. Conwere estimated from the mean effective sampling versely, for the clayey soil (low moisture, 23 0 C), rates measured for 2,4-DNT and 2,6-DNT (4.3 headspace concentrations were about an order of mL/min). The effective sampling rate estimate magnitude lower than for the silt. At 112 days, the for 1,3-DNB was not used because we judged the vapor concentrations of 2,4-DNT, 1,3-DNB, and vapor pressure data that served as the basis for 2,4,6-TNT were 8.98, 1.68, and 0.24 ng/L, respecthis value to be unreliable. These concentrations tively (Table 10 ). These three analytes were generfor each headspace sample analyzed are presented ally the target analytes present at highest concenin Tables A10-A18. tration in the headspace vapor above all three Mean vapor concentrations for the two replisoils maintained at 23°C, although occasionally
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To Contents the concentration of either 1,2-DNB or 1,3,5-TNB sample at 23°C was again greatest for 2,4,6-TNT. exceeded that for 2,4,6-TNT.
For the clayey soil maintained at 4°C, the vapor The vapor concentrations of target analytes in concentrations were reduced to less than detecthe headspace above the air-dried soils were tion limits for all analytes except 2,4-DNT, 1,3-much lower than those above the moist soils. In DNB, 1,2-DNB, and 2,4,6-TNT. Even after 111 fact, only at 23°C above the Ottawa sand (Table 8) days, vapor concentrations of 2,4-DNT and 1,3-were target analytes routinely measurable in the DNB were only 1.00 and 1.34 rig/L, respectively, vapor (concentrations exceeding 0.01 ng/L), for the low-moisture-added case, and the concenAfter 63 days, for example, the vapor concentratration of 2,4,6-TNT was less than 0.03 ng/L. tions of 2,4-DNT, 1,3-DNB, and 2,4,6-TNT were At -12'C, vapor concentrations were further 34.9, 66.5, and 3.19 ng/L, respectively. For moist reduced; only for the moist Ottawa sand did vapor soils, the vapor concentrations of 2,4-DNT generconcentrations exceed detection limits (0.01 ng/ ally exceeded those of 1,3-DNB, but for air-dried L). At 110 days for the low-moisture sand sample, soils, vapor concentrations of 1,3-DNB generally vapor concentrations of 2,4-DNT, 1,3-DNB, and exceeded 2,4-DNT.
1,2-DNB were 1.38, 7.76, and 0.83 ng/L, respecAt lower temperatures (4 and -12'C), vapor tively, and the concentration of 2,4,6-TNT was beconcentrations were much lower than at 23°C, low detection limits. While all concentrations reflecting the exponential dependence of vapor were greatly reduced from 4°C, the reductions pressure on temperature. For example, the vapor were greater for 2,4-DNT and 2,4,6-TNT, cornconcentrations of 2,4-DNT, 1,3-DNB, and 2,4,6-pared with the more volatile 1,3-and 1,2-DNB. TNT above the Ottawa sand at 4°C were only 82.0, 47.8, and 2.28 ng/L for the low-moistureAccumulation of explosives residues added case at 111 days. This was about an order on surface soils of magnitude reduction from that found for the After the time course of the vapor sampling corresponding sample held at 23°C for 2,4-DNT was completed, the vials were opened and the and 1,3-DNB, and an even greater reduction for top 5 mm of surface soil was carefully removed the less volatile 2,4,6-TNT. For the silty soil, a simand analyzed to determine the concentrations of ilar reduction from 23°C was also observed for target analytes that had migrated to the surface. the 4°C samples. For example, vapor concentraThere were two replicates for each combination tions of 2,4-DNT, 1,3-DNB, and 2,4,6-TNT were of soil type, moisture status, and temperature. 9.38, 9.29, and 0.18 ng/L, respectively, for the silty One replicate for each combination was sampled soil with low moisture added at 111 days. The on day 63, just after the vapor was sampled with magnitude of reduction from the corresponding a SPME fiber. Surface soil from the second repliTo Contents cate was sampled in a similar manner on day 112 measured for 2,4,6-TNT, 2,4-DNT, and 1,3-DNB for most combinations, again just after the vapor demonstrate that crystalline TNT was not present sample was collected. For several of the air-dried in these samples, but rather that these analytes soil combinations, and some of the other combihad migrated through the soil to the top few milnations at -12'C, vapor analysis at 112 days indilimeters of surface soil. cated that target analytes were still below detecIn general, concentrations of TNT-related anation limits; thus, in these cases, soil samples for lytes were higher in soil samples held at 23°C the second replicate were delayed until day 173 to than in those held at 4°C, and much higher than give additional time for target analytes to make concentrations in samples held at -12'C. The contheir way to the surface.
centrations of these analytes were often greater in Results of the surface soil analysis for Ottawa the soils with added moisture, relative to their sand are presented in Table 11a . Measurable conair-dried counterparts, but this was not always centrations of 2,4,6-TNT, 2,4-DNT, 1,3-and 1,2-true for the Ottawa sand. DNB, and 1,3,5-TNB were obtained for samples Concentrations of TNT-related analytes in the held at 23 and 4°C. For samples held at -12'C, surface 5 mm in the silt soil ranged from less than only 2,4-DNT, 1,3-DNB, and 2,4,6-TNT were dedetection (about 0.02 mg/kg) to 3.1 mg/kg for tected. Concentrations of the various TNT-related 2,4,6-TNT in the high-moisture soil held at 23 0 C analytes ranged from below a detection limit of for 112 days ( Table l1b ). More of these analytes about 0.02 mg/kg to 2.28 mg/kg for 2,4,6-TNT in was always accumulated in the moist soils than a high-moisture sample held at 23 0 C for 112 days. in the air-dried soils, and the greatest amounts Generally, the analytes in the soil with the highest were in the soils held at 23 0 C. Concentrations for concentrations were either 2,4,6-TNT or 2,4-DNT soil samples held at -12'C were very low, always for samples held at 23 or 4°C, but it was 1,3-DNB at or below 0.2 mg/kg. The analytes present at for samples held at -12'C, confirming the higher the highest concentrations were either 2,4,6-TNT mobility of this more volatile component at low or 2,4-DNT in soil samples held at 23 0 C, 2,4-DNT temperatures. The similarity in concentrations and 1,3-DNB in those held at 4°C, and 1,3-DNB in 19 To Contents those held at -12'C. 1,3,5-TNB accumulated sub- Soil-air partition coefficients
Clay
Since soil concentrations of TNT-related analytes were obtained immediately after equilibthat 1 mL of headspace vapor contains only one rium headspace measurements were completed, thousandth to less than one millionth the mass of it is possible to compute soil-air partition coeffianalyte present as does 1 g of the associated soil. cients for each analyte from data obtained in this This suggests that more effort might be made to experiment. These partition coefficients are exploit the soil's natural ability to preconcentrate important because they compare the amount of these vapors, in lieu of, or in addition to, pursutarget analyte present in the soil vs. what is ing more sensitive explosive vapor detectors. present in air at equilibrium. This information can be important in deciding whether to concen-SUMMARY trate sample acquisition efforts in the air or in the soil to detect mines.
Experiments were conducted to investigate the Table 12 shows the effect of soil type, moisture, qualitative and quantitative effects of soil barriers and temperature on soil-air partitioning of exploat various temperatures on the vapor signature sive vapors. Soil-air partition coefficients decrease from buried military-grade TNT. Military-grade with temperature, in keeping with the energetics TNT (110 mg) was buried beneath 2.5 cm of either of the sorption process. They are highest for clay a sand, silt, or clay soil in a small glass vial. The and lowest for sand, and they are higher for airvials were held at temperatures ranging from -12 dry than moist soil, as suggested by the earlier to 23°C for times ranging between 63 and 173 discussion of headspace concentrations. From a days before the soil was removed and analyzed detection standpoint, it is worth emphasizing for explosives signatures. We sampled the head-
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To Contents space vapors in the vials periodically using poly-LITERATURE CITED acrylate SPME fibers after periods ranging from 6 to 173 days and quantified the signatures using ASTM (1999) Standard specification for standard GC-ECD and a non-equilibrium calibration prosand. C 778-990. West Conshohocken, Pennsylvacedure.
nia: American Socirty for Testing and Materials. Qualitatively, the isomers of DNB, DNT, and EPA (1995) SW 846 Method 8330. U.S. Environ-TNT account for all of the vapors detected in the mental Protection Agency, Washington, D.C. headspace above these soils. In general, 2,4-DNT Grant, C.L., T.E Jenkins, and S.M. Golden (1993) 1,3-DNB, and 2,4,6-TNT were the target analytes Experimental assessment of analytical holding present at the highest concentrations in the headtimes for nitro-aromatic and nitramine explosives space vapor above all three soils maintained at in soil. USA Cold Regions research and Engineer-23°C. At 4°C, vapor concentrations were reduced ing Laboratory, Special Report 93-11. by at least a factor of ten; the reduction was greatHoward, P. Research and Engineering Laboratory, Special mm of sand and silt held at all three temperaReport 77-16. tures. Lower concentrations of these chemicals Martos, P.A., and J. Pawliszyn (1998) Calibration were detected in the clay at 23°C, but concentraof solid phase microextraction for air analyses tions were generally below detection limits at based on physical chemical properties of the coatlower temperatures.
ing. Analytical Chemistry 69: 206-215. Soil-air partition coefficients were computed Maskarinec, M.P., C.K. Bayne, L.H. Johnson, for samples that had detectable signatures in both S.K. Holladay, R.A. Jenkins, and B.A. Tompkins the headspace and the surface soil. These parti-(1991) Stability of explosives in environmental tion coefficients are higher for 2,4,6-TNT than for water and soil samples. Oak Ridge National Lab-2,4-DNT or 1,3-DNB, they decrease as temperaoratory Report ORNL/TM-11770. ture increases, they are highest for clay and lowMurrmann, R.P., T.F. Jenkins, and D.C. Leggett est for sand, and they are higher for air-dry than 
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To Contents <d Values were less than the detection limit. >bold Value greater than detector maximum signal.
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To Contents Table A18 . Analyte concentration (pg/mL) in headspace vapor above clay containing buried U.S. military-grade TNT, at -12'C, and three moisture levels.
